B
and T cells are derived from hematopoietic stem cells, which reside in the bone marrow of adult mice and the liver of embryos. In particular, the bone marrow is the major site of B cell development in adult mice. B cells are derived from a common lymphoid progenitor (CLP) cell (lin Ϫ c-kit low Sca-1 low IL-7R ϩ ) (1), which is limited in its ability to develop into T lymphocytes but is fully capable of developing into B cells. B cell development is divided into several successive steps as judged by surface markers and rearrangement of immunoglobin genes. The first B lineage-restricted cells are termed pro-B cells, which initiate rearrangement at the Ig heavy-chain (IgH) locus: D H to J H joining at the early pro-B cell stage, followed by V H to DJ H joining at the late pro-B cell stage (2, 3) . The immunoglobin heavy chain ( chain) then assembles with a surrogate light chain (SLC) and forms the pre-B cell receptor (pre-BCR) to mediate expansion of pre-B cells. When the SLC is replaced by a successfully rearranged immunoglobin light chain (IgL) to form IgM, the cells become immature B cells (3) (4) (5) .
Many cytokines and transcription factors play critical regulatory roles in B lymphopoiesis (6) . Fms-like tyrosin kinase-3 (flt3) and IL-7 receptor (IL-7R)-mediated signaling are required for the production of pro-B cells (7) (8) (9) (10) (11) , whereas the transcription factor E2A, early B cell factor (EBF), Myb, Foxp1, and Pax5 all have critical effects on the early stages of B lymphopoiesis (12) (13) (14) (15) . However, many critical questions pertaining to the regulation of B cell fate determination and early B cell development remain unanswered.
MicroRNAs (miRNAs) are 20-to 24-nt noncoding RNAs found in diverse plants and animals (16) . In animals, they are processed from characteristic hairpin structures of longer primary transcripts by the sequential action of Drosha and Dicer, two RNase III-type nucleases that act in the nucleus and cytoplasm, respectively (17) . The mature miRNAs are then incorporated into a silencing complex containing an Argonaute protein, in which they can pair to the messages of protein-coding genes to direct their posttranscriptional repression (18) (19) (20) . Extensive base pairing of the miRNA and the target mRNA leads to mRNA cleavage, whereas imperfect matches often result in translational inhibition and mRNA destabilization (21) (22) (23) .
miRNAs play important roles in hematopoiesis. For example, miR-181a is detected in lineage Ϫ (lin Ϫ ) undifferentiated cells in the bone marrow and is up-regulated in B cells (B220 ϩ ). Ectopic expression of miR-181a in hematopoietic stem cells leads to an increase in the production of CD19 ϩ B cells and to a decrease of CD8 ϩ T cells (24) . miR-15 and miR-16 genes are often deleted or expressed at reduced levels in B cell chronic lymphocytic leukemias (CLL), suggesting that these miRNAs might be tumor-suppressor genes (25) (26) (27) . However, miR-17-92 and miR-155 are highly expressed in B cell lymphomas (28, 29) , and miR-17-92 can function as an oncogene when ectopically expressed with c-Myc (28) . Recent studies also found a unique miRNA expression signature in chronic lymphocytic leukemia (30) . miRNA expression profiles vary significantly across different cancer types, and almost all miRNAs were down-regulated in mixed lineage leukaemia (MLL) (31) . In addition, the interaction between miR-223 and two transcription factors, NFI-A and C/EBP␣, appears to play an important regulatory role in granulocyte formation (32) .
In this study, we found that one lymphopoietic-specific miRNA, miR-150, is highly expressed in mature B and T cells. To study the role of miR-150 in hematopoiesis, we ectopically expressed this miRNA; hematopoietic stem and progenitor cells were retrovirally infected with miR-150 and then introduced into lethally irradiated mice by bone marrow transplantation. Overexpression of miR-150 in hematopoietic progenitor/stem cells led to significantly reduced mature B cell (MB) levels in the circulation and the spleen and lymph nodes, with little or no change in the population levels of T cells and myeloid cells. Further studies demonstrated that overexpression of miR-150 in hematopoietic stem cells blocked B lymphopoiesis by inhibiting the transition from the pro-B to the pre-B cell stage.
Results
We first used miRNA arrays to examine the miRNAs' expression profile and found a group of miRNAs that were highly expressed in several differentiated hematopoietic cell types (data not shown). Expression of these miRNAs in various hematopoietic tissues was then evaluated by quantitative RT-PCR assays. Of the miRNAs we detected, we chose to focus on two hematopoietic cell-specific miRNAs, miR-150 and miR-181a. miR-195 was used as a control miRNA because it was expressed in many types of mouse cells (Fig. 1A) . Mature miR-150 was most abundantly expressed in the lymph nodes. It was also highly expressed in the spleen and detectable in the thymus, heart, and brain; expression was not detectable in other tissues. Expression levels of miR181a were very high in the thymus; were lower in the heart, lymph nodes, and bone marrow, and at very low or undetectable levels in most of the other tissues examined, consistent with results in ref. 24 .
RNA blots showed that expression of miR-150 increased during T cell development. When normalized to U6 small nuclear RNA (snRNA) levels, miR-150 expression was low in the precursor double negative (DN) cells, moderate in double positive (DP) cells and CD8 single positive cells (SP), and high in CD4 cells. Expression of miR-181a was also up-regulated during T cell development, although to a lower extent. In contrast, the expression of miR-195 was essentially unchanged throughout the stages of T cell development. Fig. 4 ]. Quantitative RT-PCR showed that expression of miR150 was up-regulated throughout B cell differentiation (Fig. 1C) . Expression was lowest in pro-and pre-B cells and up-regulated during the immature and MB stages. In contrast, the levels of miR-195 did not change during B cell development, and miR181a expression was down-regulated.
Ectopic expression of miR-181a in hematopoietic stem cells leads to an increase in B cell production and a decrease in CD8 T cell production (24) . To test the effects of miR-150 and miR-195 overexpression, we first developed a retroviral vector able to induce expression of the mature miR-150 and miR-195 miRNAs (SI Fig. 5 ). To this end, various lengths of sequences flanking the stem-loops of miR-150 and miR-195 were cloned into the retroviral vector MDH, and production of mature miRNA was examined 48 h after transfection of 293T cells with the retroviral construct. Two retroviral constructs, miR-150-130nt and miR-195-90nt, which expressed primary transcripts that were efficiently processed (SI Fig. 5 ), were carried forward for in vivo studies.
Next, fetal liver hematopoietic stem/progenitor cells (C57BL/6 CD45.2 ϩ Lin Ϫ ) were infected with these retroviruses and injected into lethally irradiated recipient mice (C57BL/6 CD45.1 ϩ ). Mice injected with bone marrow cells infected with a vector containing no miRNA (MDH) were used as a control. Because the retroviral constructs also expressed a GFP gene, infected cells and their progeny could be distinguished from the other donor-derived cells by selecting for donor-derived (45.2-positive) cells in peripheral blood, spleen, or lymph nodes that did or did not express GFP. By comparing the donor-derived GFP ϩ and GFP Ϫ populations, we were thus able to visualize the effect of miRNA overexpression on the production of different cell lineages from hematopoietic stem and progenitor cells.
We collected peripheral blood samples at 4 weeks for shortterm ( Fig. 2A and SI Fig. 6 ) and 16 weeks for long-term transplantation repopulation analysis (Fig. 2B ). Repopulation at 4 weeks primarily represents the progeny of transplanted late stem cells and lymphoid and myeloid progenitor cells, whereas repopulation after 4 months or longer represents the progeny of long-term repopulating hematopoietic stem cells.
Overexpression of miR-150 affected both lymphoid and myeloid differentiation. At both 4 and 16 weeks after transplantation, the number of GFP ϩ donor-derived B lymphocytes in the peripheral blood was reduced Ϸ4-to 6-fold, whereas the number of GFP ϩ donor-derived granulocytes (Gr-1 ϩ ) and monocytes (CD11b ϩ ) increased slightly. There was also a slight increase in mature CD4 and CD8 T populations after 16 weeks. Similar changes were observed in the spleen and lymph nodes after 16 weeks: Expression of miR-150 severely reduced the numbers of B cells while slightly increasing numbers of CD4 and CD8 T cells, with little or no increase in numbers of granulocytes (Gr-1 ϩ ) and monocytes (CD11b ϩ ) (Fig. 2C) . The slight increases in the proportions of non-B cells we observed could be caused by the large decrease in numbers of B cells in peripheral blood, spleen, and bone marrow and not by a specific effect of ectopic expression of miR-150 in these non-B cells. Neither overexpression of miR-195 nor the control MDH vector had any effect on the number of donor-derived lymphoid or myeloid cells after both 4 weeks and 16 weeks of transplantation.
Because a significant decrease in the MB production was observed in peripheral blood, spleen, and lymph nodes of mice that ectopically expressed miR-150, we hypothesized that this phenotype resulted from defects in B cell development. To test this hypothesis, we examined B cell precursors in the bone 5 ). Total RNAs were extracted from each population by using TRIzol reagent, and miRNA expression was measured by quantitative RT-PCR using the ABI microRNA assay kit (Applied Biosystems, Foster City, CA). The relative abundances displayed are an average of triplicates of quantitative PCR (log scale). All results were normalized to U6 levels that were detected by using the ABI miRNA U6 assay kit (Applied Biosystems). (Fig. 3A) . To confirm that impaired B cell production was not simply an effect of higher sensitivity to apoptosis, we examined Annexin V-positive cells in both GFP ϩ and GFP Ϫ bone marrow populations from mice that were transplanted with hematopoietic stem cells overexpressing miR-150. Overexpressed miR-150 caused no change in apoptosis in the pro-B (B220 ϩ CD43 ϩ ) and non-B cell (B220 Ϫ ) populations, and a slightly but significantly higher rate of apoptosis was observed in the pre-B cells/IMBs/MBs (B220 ϩ CD43 Ϫ ) ( Fig.  3C ; P ϭ 0.0952 for 0-h culture, P ϭ 0.0159 for 3-h culture). These results support the idea that miR-150 overexpression blocks B cell development at the pro-B cell stage in part by causing a slightly increased rate of apoptosis. Most likely, the reduced number of cells 2) were prepared as described in Methods, spin-infected with miR-150 (Top), miR-195 (Middle), or empty MDH retroviral supernatant (Bottom), and transplanted into irradiated CD45.1 recipients. To evaluate the effects of short-term and long-term repopulation, peripheral blood samples were collected at 4 (A) or 16 (B) weeks after transplantation. Donor-derived (CD45.2) cell lineages were examined by using antibodies against specific cell lineage surface markers followed by FACS analysis: B cells (CD19 ϩ ), T cells (CD4 ϩ or CD8 ϩ ), and myeloid cells (CD11b ϩ or Gr-1 ϩ ). The percentage of each cell lineage in either the GFP Ϫ or GFP ϩ population from each mouse was defined as that specific cell lineage proportion in the peripheral blood. The mean value for each group was the average of all cell proportions from 20 mice in two independent transplantations. (C) The long-term repopulation effects of the transplantation in the spleen (Right) and lymph (Left) nodes of miR-150 mice were examined as described. Statistics from each cell lineage were calculated by the Mann-Whitney test.
Significance was defined as follows: * , P Ͻ 0.05; ** , P Ͻ 0.001. observed beyond this stage is also due to miR-150 regulation of certain target genes essential for early B cell development.
Discussion
We found that miR-150 was expressed at very high levels in the lymph nodes and was also present at high levels in the spleen and the thymus. Furthermore, miR-150 expression increased strikingly during successive stages of both B and T cell maturation in the bone marrow and thymus, respectively, suggesting that it may participate in B and/or T lymphopoiesis. Indeed, prematurely expressing miR-150 led to severe defects in B cell development in the bone marrow, along with moderately enhanced T lymphopoiesis and myelopoiesis from hematopoietic stem and progenitor cells. Consistent with this inhibition of B cell production, dramatically reduced MB levels were also observed in the spleen and the lymph nodes 16 weeks after transplantation.
The donor-derived B cell populations 4 weeks after transplant represent the progeny mainly of short term hematopoietic stem cells and later lineage-restricted progenitors, whereas the donorderived B cell populations seen 16 weeks after transplant represent the progeny mainly of long-term repopulating hematopoietic stem cells. A detailed analysis of B cell maturation showed no abnormality in the numbers of donor-derived pro-B cells overexpressing miR-150 both 4 and 16 weeks after bone marrow transplantation. In contrast, at both time points, there were significantly reduced numbers of donor-derived pre-B cells, IMBs, and MBs overexpress- Surveying the predicted targets of miR-150 (33), we found several genes that play important roles in B cell development, including Myb and Foxp1. Two highly conserved 8-nt sites in the (33) .
3Ј UTR of
Myb is highly expressed in pro-B and pre-B cells, then down-regulated Ͼ80% in IMBs (15) , concomitant with the increase in miR-150 expression we observed. Foxp1, together with PAX5, is required for IgH gene rearrangement and is highly expressed in pro-B and pre-B cells (34, 14) . Mice with deleted Myb or Foxp1 genes display severe B cell development defects at the pro-B to pre-B transition (14, 15) , a phenotype similar to what we observed in mice ectopically expressing miR-150 in hematopoietic stem and progenitor cells.
Even though the expression of miR-150 was low in thymic double-negative cells and high in the more differentiated single positive cells, overexpressing miR-150 in hematopoietic stem and progenitor cells did not significantly alter T cell development, as judged by the levels of donor-derived CD4 and CD8 T cells. Thus the high expression of miR-150 we observed in the naïve single positive cells thus suggests that this miRNA may play a role in T cell activation and function rather than in thymic T cell development.
We conclude that miR-150, a hematopoiesis-specific miRNA, exerts critical regulation on B lymphopoiesis. Ectopic expression of miR-150 in hematopoietic stem cells leads to severe defects in B cell development and decreased expression of this miRNA was detected in mixed lineage leukemia (MLL) (31) , suggesting that regulated miR-150 expression is necessary for B cell development.
Materials and Methods
Mouse and Tissue Preparation. CD45.1 and CD45.2 C57BL/6 mice were purchased from either The Jackson Laboratory (Bar Harbor, ME) or the National Cancer Institute and were maintained at the animal facility of the Whitehead Institute for Biomedical Research. All animal experiments were performed with the approval of the Massachusetts Institute of Technology Committee on Animal Care.
Bone Marrow Transplantation and Repopulation Assay. Retrovirally infected hematopoietic stem/progenitor cells were prepared as described in refs. 35 and 36. In general, fetal livers from day 13.5 or day 14.5 C57BL/6 mice were collected and stained with biotin-conjugated anti-CD3e, anti-CD5, anti-B220, anti-CD11b, anti-Gr-1, and anti-Ter119 (BD Pharmingen, San Diego, CA). After 20 min of incubation on ice, the cells were washed with cold PBS, reacted with streptavidin-conjugated magnetic beads (Miltenyi Biotec, Auburn, CA), and then removed by using AutoMacs magnetic separation. Lin Ϫ cells were then plated at 4 ϫ 10 5 cells per ml to 5 ϫ 10 5 cells per ml in a six-well plate and spin-infected for 1 hour with the desired retroviral supernatant. Cells were cultured overnight in Iscoves' modified Dulbecco medium (IMDM) containing 15% FBS, 30 ng/ml stem cell factor (SCF), 20 ng/ml Flt3L, and 10 ng/ml IL-6. Cells were then resuspended with retroviral supernatant for a second round of spin infection at 1,600 ϫ g and at 37°C. The cells were subsequently washed and resuspended in PBS with 2% FBS at a concentration of 1 ϫ 10 7 cells per ml. For each miRNA, 10 recipient CD45.1 mice were lethally irradiated (10 Gy) and then retro-orbitally injected with 1 ϫ 10 6 cells. Our results are from 20 mice from two individual injections.
Immunostaining and Flow Cytometry Analysis. All antibodies used in immunostaining were purchased from BD Pharmingen unless otherwise indicated.
For Northern blot analysis, thymocytes were prepared from 4-to 6-week-old mice and stained with fluorescence-tagged antibodies: phycoerythrin (PE)-anti-CD4 (GK1.5), FITC-anti-CD8 (53-6.7), biotin-anti-CD11b (M1/70), CD11c (HL3), and B220 (RA3-6B2). After secondary staining with streptavidinallophycocyanin (APC), the cells were sorted by FACS to collect the double positive (DP), CD4 ϩ CD8 Ϫ , and CD4 Ϫ CD8 ϩ T cell populations. Double negative (DN) cells were purified by negative selection (B220 Ϫ CD11c Ϫ CD11b Ϫ CD4 Ϫ CD8 Ϫ ). Peripheral blood samples or single-cell suspensions from the spleen, bone marrow, or lymph nodes were collected. From transplanted mice, CD45.1 ϩ (recipient) cells were depleted with biotin-anti-CD45.1 (A20; eBioscience, San Diego, CA) in combination with streptavidin magnetic beads (Miltenyi Biotec). Red blood cells were lysed with ammonium chloride solution, and the remaining cells were stained with APC-anti-CD45.2 (104; eBioscience) and the following lineage surface markers: PE-anti-CD4 (GK1.5), PE or APC-anti-CD8 (53-6.7) for T cells; PE-anti-CD19 (1D3) or PE-Cy5.5 anti-B220 (RA3-6B2; eBioscience) for B cells; PE-anti CD11b (M1/70) for monocytes; and PE-Cy5.5 anti-Gr-1 (RB6-8C5; eBioscience) or PE-anti-Gr-1 (RB6-8C5) for granulocytes. The proportion of each cell lineage was defined as the percentage of cells displaying a specific lineage marker either in the GFP ϩ population (cells that ectopically express the miRNAs of interest) or in the uninfected GFP Ϫ control population. Cells from the spleen and lymph nodes were also stained with PE-Cy5.5-anti-B220, PE-IgD (11-26c.2a) and APC-IgM (II/41; eBioscience) for MBs (B220 ϩ IgM ϩ IgD ϩ ). To study the various B cell developmental stages, bone marrow cells were collected from transplanted mice and stained with PE-Cy5.5-anti-B220, PE-CD43 (eBioscience), and APC-IgM antibodies. B cell progenitors were defined by the presence of these antibody combinations: pro-B cells (B220 ϩ CD43 ϩ IgM Ϫ ), pre-B cells (B220 ϩ CD43 Ϫ IgM Ϫ ), IMBs (B220 ϩ CD43 Ϫ IgM ϩ ), and bone marrow MBs (B220 hi CD43 Ϫ ).
In Vitro Apoptosis Assay. Single-cell suspensions from the bone marrow were prepared after CD45.1 and erythrocyte depletion. Cells were stained with PE-Cy5.5-anti-B220, APC-anti-CD43, and Annexin V (Annexin V PE Apoptosis Detection kit; BD Pharmingen) after 0-and 3-h incubation in RPMI 1640 medium supplemented with 10% FBS. All samples were then analyzed by FACS. 
